FLRTs are broadly expressed proteins with the unique property of acting as homophilic cell adhesion molecules and as heterophilic repulsive ligands of Unc5/Netrin receptors. How these functions direct cell behavior and the molecular mechanisms involved remain largely unclear. Here we use X-ray crystallography to reveal the distinct structural bases for FLRTmediated cell adhesion and repulsion in neurons. We apply this knowledge to elucidate FLRT functions during cortical development. We show that FLRTs regulate both the radial migration of pyramidal neurons, as well as their tangential spread. Mechanistically, radial migration is controlled by repulsive FLRT2-Unc5D interactions, while spatial organization in the tangential axis involves adhesive FLRT-FLRT interactions. Further, we show that the fundamental mechanisms of FLRT adhesion and repulsion are conserved between neurons and vascular endothelial cells. Our results reveal FLRTs as powerful guidance factors with structurally encoded repulsive and adhesive surfaces.
INTRODUCTION
The development of complex tissues depends on a balance of intercellular adhesive and repulsive signaling. Cell adhesion provides spatial stability to nonmoving cells and traction for migrating cells (Solecki, 2012) . Cell repulsion is the dominant mechanism for cell and axon segregation, tissue boundary formation, and topographic map formation (Dahmann et al., 2011; Klein and Kania, 2014) . Several families of cell surface receptors, termed cell adhesion molecules (CAMs), provide homophilic (e.g., cadherins; Brasch et al., 2012; Cavallaro and Dejana, 2011) or heterophilic (e.g., integrins; Luo et al., 2007) cell-cell adhesive interactions. Members of the Netrin, semaphorin, slit, and ephrin families of cell guidance molecules act as cell-attached or secreted ligands, mediating repulsive or attractive/adhesive signaling via heterophilic interactions with cognate cell surface receptors (Bashaw and Klein, 2010; Kolodkin and Tessier-Lavigne, 2011) . The fibronectin leucine-rich transmembrane proteins (FLRTs) are distinctive in sharing the characteristics of both functional groupings; they function as homophilic CAMs (Karaulanov et al., 2006; Maretto et al., 2008; Mü ller et al., 2011) and as heterophilic chemorepellents interacting with uncoordinated-5 (Unc5) receptors (Karaulanov et al., 2009; Yamagishi et al., 2011) . Molecular-level insights into the mechanisms underlying these diverse modes of action are lacking, as is clarity on the contributions of adhesive versus repulsive activities to FLRT function in vivo.
The FLRTs (FLRT1-3) are regulators of early embryonic, vascular, and neural development (Egea et al., 2008; LeyvaDíaz et al., 2014; Maretto et al., 2008; Mü ller et al., 2011; O'Sullivan et al., 2012; Yamagishi et al., 2011) . The homophilic and Unc5 interactions both involve the FLRT N-terminal leucinerich repeat domain (LRR) (Karaulanov et al., 2006 (Karaulanov et al., , 2009 ). This domain is followed by a linker region, a type 3 fibronectin domain (FN) and a juxtamembrane linker, which contains a metalloprotease cleavage site ( Figure 1A ). Proteolytic shedding of the FLRT2 ectodomain controls the migration of Unc5D-expressing neurons in the developing cortex (Yamagishi et al., 2011) .
Like FLRTs, Unc5 receptors (Unc5A-D) are type 1 transmembrane proteins. The extracellular region contains two immunoglobulin-type domains (Ig1 and Ig2) and two thrombospondinlike domains (TSP1 and TSP2) ( Figure 1A ). Unc5 receptors act as classical dependence and repulsive signaling receptors for secreted Netrin ligands in the neural system (Lai Wing Sun et al., 2011) . Netrin/Unc5B signaling also directs vascular development by controlling blood vessel sprouting (Larrivé e et al., 2007) . However, Netrin is not present in many Unc5-expressing tissues, for example, in the developing cortex, suggesting a dependence on other ligands.
The dual functionality of FLRTs as CAMs that also elicit repulsion (as one of several possible Unc5 ligands) renders the analysis of their contributions in vivo challenging. Can cells integrate FLRT adhesive and repulsive signaling activities, and what are the contributions of these contradictory functionalities in different cellular contexts? To address the complexities of FLRT function we first sought to identify the structural determinants of the homophilic and heterophilic interactions.
Here we report crystal structures of FLRT2, FLRT3, Unc5A, Unc5D, and a FLRT2-Unc5D complex. Based on these data we assign homophilic adhesion and heterophilic repulsion to distinct molecular surfaces of FLRT. We show that by using these surfaces, FLRT can trigger both adhesive and repulsive signals in the same receiving cell, leading to an integrative response. Besides confirming that FLRT2/Unc5D repulsion regulates the radial migration of cortical neurons, we show here that FLRT3 also acts as a CAM in cortical development and modulates the tangential spread of pyramidal neurons. We further identify FLRT3 as a controlling factor in retinal vascularization. We demonstrate that FLRT controls the migration of human umbilical artery endothelial cells (HUAECs) through a similar mechanism to that which we found in the neuronal system. Taken together, our results reveal FLRT functions in cortical patterning and vascular development, and establish the FLRTs 
SPR Experiments and Crystal Structures of FLRT LRR Proteins
(A) Overview of Flrt and Unc5 constructs used in SPR experiments. The intracellular region of Unc5 is composed of three domains: ZU5, UPA, and a death domain (DD) (Wang et al., 2009 . These revealed a hierarchy of equilibrium dissociation constants (Kds), with the affinity of FLRT2 and Unc5D being the highest (Figure 1B ; Table S1 available online). The relative affinities are consistent with those from previous cell-based binding assays (Karaulanov et al., 2009; Yamagishi et al., 2011) , although the absolute values are lower, presumably due to differences in the techniques applied.
We , and Unc5D T12 ; depicted in Figure 1A ). The results showed that the N-terminal Unc5D Ig domain (Unc5D Ig1 ) harbors the major FLRT2 LRR -binding site ( Figure 1C ).
Crystal Structures of FLRT LRR Reveal Conserved Surface Patches
We determined the crystal structures of mouse FLRT2 LRR and FLRT3 LRR . Crystallographic details are provided in Table S2 .
Both structures consist of ten lrr repeats plus flanking cap structures, together forming a horseshoe-shaped solenoid ( Figures  1D-1F , S1A, and S1B). Superposition underscores the similarity of the two structures with a root-mean-square deviation (rmsd) (Krissinel and Henrick, 2004 ) of 1.17 Å for 320 (out of 321) corresponding Ca atoms. We generated sequence conservation scores (Glaser et al., 2003) (Holm and Rosenströ m, 2010) shows strongest similarity (rmsd for 264 aligned Ca atoms = 1.8) with the cell adhesion protein decorin, which is known to dimerize via the concave surface of its LRR domain (Scott et al., 2004) . The predominantly charged concave surfaces of FLRT2 LRR and FLRT3 LRR (Figures 1H and S1B) provide lattice contacts in all of our crystal structures ( Figure S1 ), suggesting that these regions could mediate functional FLRT-FLRT interactions.
A FLRT2
LRR -Unc5D Ig1 Complex Reveals a Conserved Binding Interface We determined the crystal structure of rat Unc5D
Ig1 (Table S2 ).
The domain conforms to the Ig subtype 1 topology (Chothia and Jones, 1997) (Figure 2A ). The structure is most similar to that of the N-terminal Ig domain of receptor protein tyrosine phosphatase delta (RPTPd, rmsd for 86 aligned Ca atoms = 1.9 Å ), although Unc5D lacks the positively charged surface patch that mediates the RPTPd-glycosaminoglycan interaction (Coles et al., 2011) . We also solved a crystal structure for Unc5A Ig12T2 (Table S2) , thereby revealing the fold of the second Ig domain, also subtype 1, and the TSP domain ( Figure 2B ). The crystallized construct corresponds to the complete human Unc5A isoform 1 ectodomain. The overall structure is elongated and lacks extended interdomain linkers. All human Unc5A isoforms and mouse Unc5A isoform 2 lack the first of the two TSP domains that are present in other Unc5 homologs. Otherwise, the sequences of Unc5A-D are 44%-63% conserved between the human Unc5 homologs.
We solved the crystal structure of FLRT2 LRR in complex with Unc5D Ig1 (Table S2) . Crystals diffracted to 4 Å only; however, the higher-resolution models of unliganded FLRT2 LRR and Un- Figure 2E ). Based on this model alone, we cannot rule out that the extracellular FLRT regions downstream of the LRR domain also interact with Unc5. However, in SPR experiments we measured similar Unc5-binding affinities for FLRT ecto and FLRT LRR constructs (data not shown), suggesting that there is no major second Unc5-binding site on FLRT. We provide further support for this conclusion using a mutagenesis approach (see next section). The core of the FLRT2-Unc5D-binding interface contains predominantly hydrophobic and positively charged residues (Figures 2F and 2G) . The conserved FLRT2 histidine H170 forms a central anchor point that reaches deep into a hydrophobic pocket formed by Unc5D F82, K84, W89, V135, W137, and K144 and likely provides a hydrogen bond to Unc5D W137 (Figure 2G) . FLRT2 R191 and L215 may stabilize this arrangement by providing additional contacts to Unc5D F82 and W137. The main residues forming the hydrophobic FLRT2-binding surface of Unc5D are fully conserved in Unc5B ( Figure 2H ), with the exception of F82, which is replaced by a tyrosine (Y78).
(E) The model of a FLRT-Unc5 complex between the surfaces of opposing cells was created by superposing Unc5A ectodomain (blue) on Unc5D
Ig1 as found in complex with FLRT2 LRR (orange). Cell surfaces and FLRT2 regions that were not crystallized are depicted in gray. Figure S2B .
(C) SEC-MALS experiments using wild-type FLRT3 ecto and mutant proteins. Rayleigh ratios are depicted as thin lines (right axis). Protein concentrations at the peak maxima are $0.1 mg/ml (green curves), $0.5 mg/ml (blue curves), and $1 mg/ml (red curves). Calculated masses are shown as thick lines (left axis). Multimerization leads to an increase in apparent molecular mass of wild-type FLRT3 ecto at high concentrations, but not of the mutant FLRT3 ectoFF . Note that FLRT3 ectoUF also multimerizes at high concentrations ( Figure S2D ). The high degree of sequence conservation at the FLRT-Unc5-binding interface is in agreement with the observed binding promiscuity. Subtle differences in binding affinities for different homologs are likely due to sequence variations at the periphery of the binding interface ( Figure 2I ).
Histidine residues have a side chain pKa (His) of $6, below which they are protonated. We predicted that the protonated FLRT2 H170 would be incompatible with binding to the hydrophobic binding pocket on Unc5D. Indeed, at pH $5.7, Unc5D ecto does not interact with FLRT2 ecto ( Figure S2A ).
Mutations in the FLRT-Unc5 Interface Inhibit the Interaction
Based on the crystal structures, we designed mutations in the FLRT2-Unc5D interface to disrupt binding. In FLRT2 H170E and H170N, we replaced the central histidine with a negativecharged residue or an N-linked glycosylation site, respectively. Neither of these mutants binds Unc5D in our assays, confirming the binding site we describe is essential for the interaction ( Figure 3A ). Also, the Unc5D mutants E88A+W89A+H91A and W89N+H91T show poor binding to FLRT2 ( Figure 3A ). Binding was unaffected by FLRT2 and Unc5D mutations at sites involved in minor interactions in the crystal (FLRT2 D248N+P250T, Unc5D L101N+E103T), suggesting that these sites are not physiologically relevant ( Figure 3A ). For subsequent functional analysis we chose the non-Unc5-binding FLRT2 mutant H170N and the non-FLRT2-binding Unc5D mutant W89N+H91T. We henceforth refer to these Unc5-FLRT noninteracting mutants as FLRT2 UF and Unc5D UF , respectively. We confirmed our SPR results using a cell-based assay, in which we visualized the binding of soluble FC-tagged ectodomain proteins to mVenus-tagged receptors expressed on the surface of COS7 ( Figure S2B ).
The high degree of conservation in the Unc5-FLRT-binding sites allowed us to design binding-impaired mutants also for FLRT3 and Unc5B. We selected FLRT2 UF and Unc5D UF as templates to design FLRT3 H165N (FLRT3 UF ) and Unc5B W85N+S87T (Unc5B UF ) ( Figure 3B ). Additionally, we produced Unc5C W99N+H101T (Unc5C UF ), to test whether our mutants are valid also beyond the functionally well-characterized ligand/receptor pairs FLRT2-Unc5D and FLRT3-Unc5B. We showed that wildtype Unc5C, but not the UF mutant, is able to bind FLRT (Figure S2B) . We confirmed that wild-type and mutant FLRT and Unc5 constructs are expressed at the cell surface ( Figure S2C ).
FLRT-FLRT and Unc5-FLRT Interactions Are Mediated via Distinct Surfaces
Previous studies showed that FLRT-FLRT binding between cells is mediated via the LRR domain (Karaulanov et al., 2006) . We were unable to detect FLRT LRR -FLRT LRR binding using purified proteins in SPR experiments, possibly due to the low-affinity nature of the interaction. However, using size-exclusion chromatography coupled to multiangle light scattering (SEC-MALS), we could show that both FLRT3 ecto and FLRT3 LRR oligomerize in a concentration-dependent manner ( Figures 3C and S2D ). An increased population of FLRT dimers or oligomers at higher concentrations is detected as an apparent increase in molecular mass. We found that the calculated mass of FLRT3 ecto and FLRT3
LRR correlates with the protein concentration across the elution peak; the resulting ''upside-down smiley'' mass profile is typical for proteins undergoing concentration-dependent oligomerization.
Our crystal structures revealed that FLRT LRR -FLRT LRR lattice contacts depend on the concave surface of the proteins, a region that mediates homophilic dimerization in other LRR proteins (Kajander et al., 2011; Scott et al., 2004 Scott et al., , 2006 Seiradake et al., 2009) . To probe this region, we produced the FLRT3 mutant R181N+D183T, which contains an N-linked glycosylation site in the concave surface. In contrast to wild-type FLRT3 ecto , the mutant does not undergo concentration-dependent oligomerization; i.e., the apparent mass does not increase in correlation with the protein concentration. These data show that the homophilic interaction depends on the concave surface of the FLRT3 LRR domain ( Figure 3C ). We henceforth call this FLRT-FLRT noninteracting mutation FLRT FF , and the mutant ectodomain FLRT3 ectoFF . In contrast to FLRT3 ectoFF , the non-Unc5-binding mutant FLRT3 ectoUF still oligomerizes in a concentration-dependent manner ( Figure S2D ). We and others have shown that the expression of transmembrane FLRT in suspended HEK cells leads to the formation of separate cell aggregates (Egea et al., 2008; Karaulanov et al., 2006) . Using this assay, we revealed that mutations in the concave surface of the FLRT3 LRR domain (FLRT3 FF ), which disrupt FLRT3-FLRT3 ectodomain oligomerization in solution, also disrupt full-length FLRT3-based cell adhesion ( Figure 3D ). In contrast, FLRT3 with mutations in the convex surface of the LRR domain (S192N+P193G) and the Unc5-binding mutant FLRT3 UF were still able to mediate cell adhesion ( Figure 3E ; data not shown). Based on our FLRT3 results, we designed an equivalent FLRT2 FF mutant (R186N+D188T). The expression of FLRT2 and FLRT2 UF , but not FLRT2 FF , induced cell aggregation ( Figures S2E and S2F) . Thus, the FLRT-FLRT interaction surface we identified is conserved between the two homologs. We observed a small decrease in aggregation between cells expressing the UF mutants compared to wild-type FLRTs; however, the difference is not statistically significant. Western blot analysis confirmed similar expression levels of wild-type and mutant ( Figure S2G ). Finally, we demonstrated that FLRT3 We conclude that FLRT-FLRT and FLRT-Unc5 interactions are mediated via distinct FLRT surfaces and can be controlled using specific mutations ( Figure 3F ).
FLRTs Act as Chemo and Contact Repellents through Interaction with Unc5 in trans
We previously showed that shed ectodomains of FLRTs act as repulsive guidance cues and cause axonal growth cone collapse Figures 4B-4D) . Similar results were obtained with a mixed culture of Unc5B/ Unc5D-expressing cortical neurons stimulated with mutant or wild-type mixtures of FLRT2+FLRT3 ( Figures S3D-S3G) . We also performed stripe assays (Vielmetter et al., 1990) Figures 4I-4K ). The stripe assay data raise the possibility that FLRT could also act as a surface-bound contact repellent. We confronted growing iTh axons with HeLa cells expressing a cleavage-resistant FLRT3 mutant, whose ectodomain is not shed (Yamagishi et al., 2011) . Cells transfected with the noncleavable FLRT3 construct repelled $80% of the extending axons, while nontransfected control cells repelled only $20% of the axons (Figures 4L and 4M ; Movies S1 and S2). Thus, FLRTs act as chemo and contact repellents, and this activity is largely mediated by Unc5 receptors.
FLRT-FLRT Interaction Attenuates Unc5
Repulsion During brain development, FLRTs and Unc5s are also expressed in overlapping regions. While iTh axons do not express detectable levels of FLRT3, rostral thalamic (rTh) axons express both Unc5B and FLRT3 (Figures 5A and 5B ; Leyva-Díaz et al., 2014) . We found that in stripe assays, rTh axons are repelled by FLRT3
ecto , but the effect is less pronounced compared to iTh axons. We also found that rTh axons from a Flrt3 conditional mutant are repelled more strongly by FLRT3 ecto stripes comparable to iTh axons lacking endogenous FLRT3 (Figures 5C-5E ; see also Figure 4F ). These data suggest that endogenous FLRT3 expressed on the axons modulates the response to FLRT3 presented (in trans) on stripes. Two scenarios could underlie this phenomenon: (a) FLRT3-FLRT3-mediated adhesion could counteract FLRT3-Unc5-mediated repulsion, or (b) FLRT3 could bind Unc5B in cis, thus reducing the number of Unc5B receptors that are able to respond to exogenous FLRT3 (''cis inhibition''). We performed stripe assays to explore this further. We found that rTh axons prefer to grow on wild-type Figures 5J-5L ). These results argue that most, if not all, Unc5 receptors must be unmasked, despite the presence of endogenous FLRT3. Therefore, we conclude that in rTh axons FLRT3 and Unc5B function in parallel, such that adhesive FLRT interaction reduces the repulsive response triggered by FLRT-Unc5 interaction in a combinatorial way ( Figure 5M ).
FLRTs Control Cell Migration in the Developing Cortex by Distinct Mechanisms
Having established how the adhesive and repulsive functions of FLRTs are mediated, we are now able to dissect these functionalities in vivo, using cortical development as a model system. During development, pyramidal neurons are born in the proliferative zone and radially migrate to settle in one of six cortical layers (Rakic, 1988) . We previously showed that Unc5D-expressing neurons display a delayed migration to the FLRT2-enriched cortical plate consistent with FLRT2 acting as a repulsive cue for Unc5D+ cells (Yamagishi et al., 2011) . Therefore, we wanted to investigate how much of the observed migration delay is due to FLRT-Unc5 signaling. In agreement with our previous work, we found that Unc5D overexpression by in utero electroporation (IUE) in E13.5-born neocortical cells delayed their migration. This delay was partially rescued when overexpressing Unc5D UF ( Figures 6A-6C ), confirming that the migration delay observed in Unc5D-overexpressing cells is at least partially due to interaction with FLRT2.
The pattern of FLRT3/Unc5B expression in E15.5 cortex is complementary to FLRT2/Unc5D, with FLRT3 expressed in migrating neurons and Unc5B in cortical plate ( Figure 6D ). To investigate whether FLRT3 plays a role in neuronal migration, we analyzed the positioning of neurons expressing FLRT3 in the developing cortex using brain sections from a Nestin-Cre; Flrt3 lox/lacZ conditional mutant and b-galactosidase staining.
We found that the distribution of FLRT3-deficient (b-gal+) neurons is affected in mutant cortex, leading to abnormal neuronal clustering in the cortical plate, which contrasts with the homogeneous distribution in control littermates ( Figures 6E and 6F) . To analyze the distribution of the b-galactosidase-positive neurons, we calculated the normalized intensity profile of the Xgal staining in the lower half of the cortical plate (dashed rectangle, Figures  6E and 6F ), which revealed substantial fluctuations in the density of mutant neurons ( Figure 6G ). We also measured the Voronoi nearest neighbor distance to assess cellular distribution independently of cell density (Villar-Cerviñ o et al., 2013). Mutant neurons showed increased minimum distance between cells, which indicates that FLRT3 deletion affects the regular distribution present in control tissue ( Figures S4A and S4B ). This phenotype suggests that the normal tangential dispersion of cortical neurons is impaired in FLRT3 mutant mice. The radial positioning of pyramidal neurons seems unaffected; Cux1, a marker for upper-layer (Nieto et al., 2004) , and TBR1, a marker of lower-layer, postmitotic neurons (Hevner et al., 2003) , are expressed normally in FLRT3 mutant mice (Figures S4C-S4E) . These results suggest that FLRT3 is required for the spatial arrangement of pyramidal neurons in the tangential axis. Mechanistically, this function of FLRT3 does not seem to involve interaction with Unc5B, since GFP-transfected migrating neurons show no preference between Unc5B ecto -FC-and control FCcontaining stripes (Figures 6H-6J) . To obtain more insight into the mechanism of FLRT3 activity, we overexpressed the different mutants of FLRT3 in embryonic cortex using IUE. We analyzed transfected brains in cleared whole-mount preparations in both coronal and horizontal brain sections ( Figure 6K ). We found that FLRT3-overexpressing neurons migrate slower ( Figures 6L and 6M ) and distribute abnormally in the tangential axis, forming a repeating pattern of aggregates ( Figures 6N,  6O , S4F, and S4G; Movies S3 and S4). Whereas the altered radial migration is not observed in the FLRT3 conditional mutants and may therefore be unphysiological, the altered tangential distribution is also seen when FLRT3 expression is ablated. FLRT3
UF behaves similarly to wild-type FLRT3 and disrupts cell migration, and more importantly, tangential distribution of migrating neurons, suggesting that Unc5B does not affect the migration of FLRT3-expressing neurons ( Figures 6L-6O, S4F , and S4G). Conversely, the mutation in FLRT3 FF largely preserves the regular distribution of neurons in the tangential axis, indicating that FLRT-FLRT interaction is responsible for the observed effect ( Figures 6L-6O , S4F, and S4G). FLRT3-overexpressing cells contain the differentiation marker Cux1, implying that FLRT3 affects the migration, but not differentiation, of the cells ( Figures 6P and 6Q ). Our results show that FLRTs have distinct functions in cortical development, mediating repulsion to control radial migration and homophilic adhesion to direct tangential distribution ( Figures 6R and 6S ).
FLRT3 Controls Retinal Vascularization
FLRT and Unc5 proteins are expressed broadly during development, not just in the nervous system. FLRTs have been previously implicated in heart and vascular development (Mü ller et al., 2011) , and artery endothelial cells are known to express Unc5B (Larrivé e et al., 2007; Lu et al., 2004; Navankasattusas et al., 2008) . We tested whether FLRT-Unc5 interaction plays a role in directing vascular cells. We found that primary HUAECs express both FLRT3 and Unc5B ( Figure 7A ). Stripe assays reveal that HUAECs are repelled strongly by FLRT3 ecto compared to the FLRT3 ectoUF mutant (Figures 7B and 7C) . Conversely, the mutant FLRT3 ectoFF , which is unable to provide FLRT-FLRT adhesion, but still binds Unc5, is more repulsive than wild-type FLRT3 (Figures 7B-7E ). As shown above for rTh neuronal axons (Figure 5 ), the data suggest that the response of HUAECs to FLRT3-presenting stripes is a product of adhesive FLRT-FLRT and repulsive FLRT-Unc5 interaction. Next, we tested whether FLRT-Unc5 interaction plays a role in the developing vascular system. The mouse retina is an established model tissue for vascularization and, from birth until P8/ P9, contains high levels of Unc5B in retinal arteries, capillaries, and endothelial tip cells (Larrivé e et al., 2007) . We found that FLRT3 is expressed in the inner plexiform layer of the retina during the stages when Unc5-expressing blood vessels develop ( Figure 7F ). To study the role of FLRT-FLRT and FLRT-Unc5 interactions in tip cell filopodia extension, we used live-mounted retinal explants (age P5). After incubation with FLRT3 ecto or FLRT3 ectoFF , we measured significantly fewer tip cell filopodia at the vascular front compared to control and FLRT3 ectoUF retinas ( Figures 7G and 7H ). Consistent with FLRT3-Unc5B repulsive interaction having a function during vascularization in vivo, we observed increased vascular branching in the retinas of Sox2-Cre;Flrt3 lox/lacZ conditional mutants ( Figures 7I and 7J ).
These data indicate that FLRT3 acts as a controlling factor of retinal vascular development and suggests that the action of FLRT3 depends on its interaction with Unc5B.
DISCUSSION
The structural data presented here indicate that distinct FLRT LRR surfaces mediate homophilic adhesion and Unc5-dependent repulsion. By using these surfaces, FLRTs can affect both adhesive and repulsive functions in the same receiving cell, e.g., neurons or vascular cells that coexpress FLRT and Unc5. We show that coexpressed FLRT and Unc5 act in parallel, and that cells must integrate these adhesive and repulsive effects. This separation of adhesive and repulsive functionalities allows FLRTs to regulate the behavior of migrating pyramidal neurons in distinct ways; FLRT2 repels Unc5D+ neurons and thereby controls their radial migration, while FLRT3-FLRT3 homophilic interactions regulate their tangential distribution. FLRT3 also controls retinal vascularization, possibly involving combinatorial signaling via FLRT and Unc5. To distinguish FLRTs from adhesion-only CAMs, we propose to define a new subgroup, here designated as repelling CAMs (reCAMs). reCAMs provide a guidance system that combines the finely tunable cell adhesion of classical homophilic CAMs with repulsive functions through the addition of a heterophilic receptor.
FLRT-FLRT and Unc5-FLRT Interaction Surfaces Are Distinct
We show here that FLRT-mediated adhesion involves the conserved concave surface on the LRR domain. This mode of homophilic binding resembles that of other LRR-type CAMs, for example, decorin (Scott et al., 2004) . The FLRT-FLRT binding affinity is weak (below the sensitivity of our SPR assay $100 mM), and FLRT oligomerization correlates with local concentration. Thus, FLRTs are ideal candidates for providing the finely tuned adhesive cell-cell traction required for cell migration. In contrast to the low-affinity adhesive binding, repulsive FLRTUnc5 interaction is of nanomolar affinity and mediated through a distinct binding surface on the FLRT LRR domain. The high degree of conservation within the binding surfaces of Unc5 and FLRT homologs suggests the interaction evolved before homolog diversification. The mode of interaction is atypical for LRRtype proteins, which mostly bind ligands via the concave surface of the domain, although some examples of ligand-binding surfaces other than the concave side exist (Bella et al., 2008) . 
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FLRT Structures and Functions
Our results with thalamic neurons and vascular cells indicate that coexpressed FLRTs act as attenuators of Unc5 repulsion. Stripe assays with FLRT3-positive, compared to FLRT3-negative, thalamic axons provide strong evidence that the attenuation results from FLRT-FLRT interaction in trans, rather than in cis, masking. Further work will be necessary to elucidate the functional consequences of this parallel signaling and the relative importance of membrane-associated versus soluble FLRT ectodomains in vivo.
FLRTs Control Cortical Neuron Migration by Distinct Mechanisms
The mammalian cerebral cortex is organized in horizontal layers and intersecting columns. During development, cortical progenitors and their neuronal progeny settle in different layers in an inside-out fashion. The layered structure of the cortex helps to organize cortical inputs and outputs. Cortical progenitors and their neuronal progeny also form vertical ontogenic columns of sister neurons. Subpopulations of clonally related neurons undergo limited tangential dispersion to neighboring columns (Rakic, 1988) . The molecular mechanisms and significance of this behavior are poorly understood. We have previously shown that FLRT2/Unc5D signaling is implicated in the radial migration of cortical neurons (Yamagishi et al., 2011) . The FLRT2 ectodomain produced and shed by cells in the cortical plate prevents Unc5D+ cells from prematurely migrating from the subventricular zone to the cortical plate. In support of this model, Unc5D overexpression in E13.5-born neocortical cells further delayed their migration (this study and Yamagishi et al., 2011) . Using the non-FLRT-binding mutant Unc5D UF , we now confirm that this effect is at least partially due to FLRT/Unc5D interactions.
Our present results suggest that the related FLRT3 protein is implicated in the tangential dispersion of cortical neurons in a manner that involves FLRT3-FLRT3 homophilic interactions. The irregular distribution of cortical neurons in Flrt3 mutant mice resembles the phenotype seen in ephrinA triple-knockout mice (Torii et al., 2009) . Likewise, the tangential clustering of neurons after FLRT3 overexpression resembles the phenotype seen after EphA7 or ephrinB1 overexpression (Dimidschstein et al., 2013; Torii et al., 2009 ). The function of Eph/ephrin signaling appears to modulate cell morphology and mobility during the multipolar phase of migration (Dimidschstein et al., 2013) . Based on its molecular functions, we hypothesize that FLRT3 affects the adhesive properties of migrating cells and thereby disrupts the delicate balance of adhesion/repulsion necessary for cell migration (Cooper, 2013; Marquardt et al., 2005; Solecki, 2012) . This conclusion is supported by the fact that the non-FLRT-interacting mutant FLRT3
FF is not able to disrupt the tangential dispersion. Interestingly, this function of FLRT3 may be shared by the related FLRT1 that is coexpressed with FLRT3 in the developing cortex and displays similar characteristics in terms of homophilic and Unc5 binding (Yamagishi et al., 2011; data not shown) . A preliminary characterization of Flrt1;Flrt3 double-knockout mutants revealed a stronger spatial disruption in the tangential axis of the cortex than single Flrt3 mutants (data not shown). Together, these findings shed light on the cell-cell communication mechanisms operating during radial and tangential patterns of migration of pyramidal neurons.
FLRT3 Controls Vascularization
Unc5B is a negative regulator of developmental vascularization (Bouvré e et al., 2008; Koch et al., 2011; Larrivé e et al., 2007 ; Lu et al., 2004) , and Unc5B knockdown leads to increased vascular branching in the mouse retina (Koch et al., 2011) . Netrin-1 and Robo-4 have been shown to interact with Unc5B in the vasculature (Koch et al., 2011; Lu et al., 2004) (Chen et al., 2009; Karaulanov et al., 2009 ) and cytoskeletal proteins involved? FLRTs have also been reported to bind other proteins, for example, latrophilin (O'Sullivan et al., 2012) . It will be important to understand the molecular determinants of these interactions and how they influence FLRT functions. The crosstalk of FLRT3-Unc5B interactions to other key vascular players, such as VEGF/VEGFR2, also remains to be investigated.
In summary, we integrated information generated by a broad range of biological methods to understand the functions of FLRT and Unc5 receptors in cortical and vascular development. Our results reveal how FLRTs act as bimodal guidance molecules directing essential developmental processes through structurally distinct, combinatorial mechanisms. As FLRT and Unc5 are expressed in a wide range of tissues (Engelkamp, 2002; Haines et al., 2006) , the conserved functional mechanisms we report are likely to control cell adhesion and repulsion in tissues beyond those described here.
EXPERIMENTAL PROCEDURES Vectors and Cloning
We cloned constructs of mouse Flrt2 (UniProt Q8BLU) and Flrt3 (UniProt Q8BGT1), human Unc5A (UniProt Q6ZN44), mouse or human Unc5B (UniProt Q8K1S3 and Q8IZJ1), and rat Unc5D (UniProt F1LW30) into the Age1-Kpn1 or EcoR1-Kpn1 cloning site of vectors from the pHLSec family (Aricescu et al., 2006) 
Unc5D
T12 (residues 249-382), and Unc5D ecto (residues 1-382) into pHLSec vectors containing short C-terminal tags (poly-His or poly-His+avitag; see Aricescu et al., 2006) . For visualization in cells, we cloned full-length Flrt2 (residues 35-660), Flrt3 (residues 29-649), Unc5B (residues 27-934), Unc5C (residues 41-931), and Unc5D (residues 46-953) into a pHLSec vector that codes for a C-terminal mVenus and a polyhistidine tag (Seiradake et al., 2010) . Hemagglutinin epitope (HA) tags are included at the N terminus of transmembrane constructs, following the vector secretion signal sequence. For expression in vivo, we subcloned Flrt and Unc5 constructs with the pHLSec vector signal sequence and HA tag into a pCAGIG vector coding for a C-terminal internal ribosome entry site (IRES) and GFP. We generated point mutants using standard PCR techniques. We verified the correct cell surface expression of all transmembrane plasmids by immunostaining ( Figure S2C ; data not shown).
Protein Purification, Crystallization, and Data Collection We expressed FLRT and Unc5 ectodomain proteins destined for crystallization or functional analysis transiently in GnTI-deficient HEK293S cells or HEK293T cells (Aricescu et al., 2006) , respectively, and purified the proteins using Ni-affinity and size-exclusion chromatography. Prior to crystallization, we added recombinant endoglycosidase F1 (Chang et al., 2007) at a concentration of 0.01 mg/ml to all samples. Crystals were grown by the vapor diffusion method at 20 C by mixing protein and crystallization solutions in a 1:1 (v/v) ratio. See Supplemental Experimental Procedures for crystallization solutions. We collected X-ray diffraction images at the Diamond Light Source beamlines I03, I04, and I24 and processed data using XDS (Kabsch, 1993) , xia2 (Winter et al., 2013) , and programs from the Collaborative Computational Project 4. In brief, the structure of Unc5D Ig1 was solved by the single anomalous diffraction method. All other structures were solved by molecular replacement. See the Supplemental Experimental Procedures.
SPR
We performed equilibrium experiments using a Biacore T200 machine (GE Healthcare) at 25 C. The experiments were carried out at pH 7.5 (PBS, 0.005% [v/v] polysorbate 20), unless indicated otherwise. Experiments at pH 5.7 were run in 150 mM NaCl and 50 mM citric acid. The regeneration buffer was 2 cM MgCl 2 . To mimic the native membrane insertion topology, we biotinylated proteins enzymatically at the C-terminal avidity tag and attached the resulting biotin label to streptavidin-coated Biacore chip surfaces. Data were analyzed with Scrubber2 (BioLogic). 
Multiangle Light Scattering
We purified protein samples by size-exclusion chromatography and concentrated to 1-10 mg/ml. Separation for MALS was achieved using an analytical Superdex S200 10/30 column (GE Heathcare), and the eluate was passed through online static light scattering (DAWN HELEOS II, Wyatt Technology), differential refractive index (Optilab rEX, Wyatt Technology), and Agilent 1200 UV detectors (Agilent Technologies). We analyzed data using the ASTRA software package (Wyatt Technology).
Stripe Assay, Growth Cone Collapse, Cell Aggregation, Cell-Binding Assay, IUE, Cleared Whole-Mount Brains, Retinal Explants Culture, and Immunostaining These assays were performed as described previously (Calegari et al., 2004; Chung and Deisseroth, 2013; Sawamiphak et al., 2010; Yamagishi et al., 2011) . See also the Supplemental Experimental Procedures.
Mouse Lines
Flrt3 lacZ/lx mice (Egea et al., 2008) carrying the floxed allele for Flrt3 were crossed with the nervous system-specific Nestin-Cre (Tronche et al., 1999) or Sox2-Cre line (Hayashi et al., 2002) . All animal experiments were approved by the government of upper Bavaria.
ACCESSION NUMBERS
The wwPDB accession numbers for the crystal structures reported in this paper are 4v2a (hUnc5A ectodomain), 4v2b (rUnc5D Ig1 domain), 4v2c (complex of rUnc5D Ig1 and mFLRT2 LRR domains), 4v2d (mFLRT2 LRR domain), and 4v2e (mFLRT3 LRR domain). 
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